With increasing concerns about CO2 emissions, efficient and environmentally friendly combustion technologies are urgently needed to update conventional combustion technologies. The steel reheating process is energy intensive, with the reheating furnace accounting for one third of the energy consumption of steel manufacturing. To explore the feasibility of flameless oxy-fuel combustion technology on the reheating furnace, a trial was conducted on the pilot-scale reheating furnace at MEFOS, Sweden. To further identify the thermal performance of the reheating furnace under this unconventional combustion technology, a zone-method based model was developed to simulate the flameless oxy-fuel combustion trial. The developed model has been validated with comprehensive experimental data collected during an instrumented slab heating period. The results suggest that the model predictions were in good agreement with the actual measurements. Thermal performance analysis reveals that the conventional reheating furnace is theoretically suitable for oxy-fuel retrofitting.
Nomenclature

Introduction
Traditional combustion and its application in the field of metal reheating and melting are facing challenges from the drives for energy conservation and environmental protection [1] . An alternative combustion technology is needed to address these challenges economically and effectively. The combination of the advantages of a flameless burner and an oxy-fuel combustion environment represents a promising combustion technology, i.e. flameless oxy-fuel combustion. On the one hand, flameless combustion has a lower peak flame temperature so there is no need for 'diluent', but has a much more uniform temperature profile in the flame zone compared with conventional flame combustion [2] . The highly uniform heat distribution pattern through flameless combustion contributes to more uniform radiation heat transfer, which in turn reduces heating time and hence fuel consumption [3] . On the other hand, it has been demonstrated that oxy-fuel combustion not only provides an effective environment for capturing CO2 from large emission sources [4] , but also has positive influences on the combustion process [5, 6] , such as reduced exhaust gas flow and high concentration of radiating products (e.g. CO2 and H2O).
To explore the feasibility of flameless oxy-fuel combustion technology on reheating furnaces, a trial was conducted on a pilot-scale reheating furnace at MEFOS, Sweden. However, the trial is not sufficient to fully analyse the thermal performance of the furnace, such as the radiative and convective heat transfer characteristics between the furnace and the load arising from the oxy-fuel combustion environment. This paper seeks to improve dynamic thermal analysis modelling in steel reheating furnaces by developing a universal radiation heat transfer model that applies to oxy-fuel combustion, and in any case the simulation of transient reheating processes is very time-consuming [7, 8] . In view of this, the current work aims to develop a comprehensive mathematical model, using the zonemethod of radiation analysis, that can be used to address these limitations.
Flameless oxy-fuel combustion trial
The trial was performed on a 9 m long pilot-scale walking beam furnace, which has a rectangular crosssection of 2.2 m by 2.2 m, as shown in Figure 1 . The furnace crown temperature profile was monitored by roof thermocouples, which were used for controlling the power input (propane fuel) to the furnace. The furnace is divided into an unfired preheating zone, two heating zones and a soaking zone. The heating zones were equipped with five flameless oxy-fuel burners during the trial. In order to compare the results with the actual heating up profiles of the slabs along the furnace for the different burner types, a mini-slab was equipped with five thermocouples in order to monitor the temperature distribution inside the slab during its passage through the furnace. 
Model development
In accordance with the zone method of radiation analysis (i.e. zone model), an energy balance was formulated for each volume and surface zone (as shown in Figure 2 ) taking into account radiation interchange between all zones, the enthalpy transport, source terms associated with the flow of combustion products and their heat release due to combustion [9] . The energy balances on all zones yield a set of simultaneous non-linear equations, which can be solved to determine the temperature and heat flux at each zone. The time-dependent internal node temperatures of the slabs and wall lining can also be calculated by incorporating a transient conduction model. The calculation of radiation heat transfer in a furnace containing participating non-grey combustion products was accomplished by representing the emissivity of the real gas as a weighted sum of the emissivities of a number of grey gases (WSGG) represented by Eq.1. Using emissivity data determined from a statistical narrow band (SNB) model [10] , a fourterm WSGG model was derived and the corresponding grey gas parameters under current oxy-fuel combustion environment were determined. In this case the weighting coefficients (ag,n) have been described by a third-order polynomial in Tg.
where g,n ( g ) = 1,n + 2,n g + ⋯ + m,n g m−1 . (Eq. 1)
Furthermore, the radiation term in the energy balance equations is written in terms of exchange factors known as directed flux areas [8] (denoted by j I , i j , J I ⃐ , j i ) for gas-gas, gas-surface, surfacegas, and surface-surface exchange respectively in Eqs. 2 and 3), which allow for the effects of surface emissivity and the non-grey behaviour of the radiant interchange within the furnace enclosure.
For a system of N volume zones and M surface zones, the following energy balances can be written. For the i-th volume (gas) zone: The internal time-varying flow patterns within the furnace chamber in real-time is constructed using data from several isothermal CFD simulations. Then, the time-varying flow patterns were further incorporated into zone models to predict transient thermal behaviour of the reheating furnace [11] . Figure 3 shows the emissivity of typical oxy-fuel combustion products in the range of 200-2400 °C, where the symbols represent the result calculated according to the SNB model and the solid lines represent the result calculated according to the polynomials fitted by the WSGG model (Eq. 1). Under the operating conditions studied (600 and 1350 °C; 0.81 atm·m), the emissivity calculated from the two models has good agreement. Therefore, the fitted coefficients of a polynomial (bi) can be incorporated into the zone model to calculate the temperature dependent gas emissivity (ɛg) in the simulation. WSGG model of this study) Figure 4 shows the comparison of the predicted top, centre, and bottom temperature histories of the slab to those of the measured data. In general, the predictions were in good agreement with measured data. Nevertheless, the observed discrepancies between model predictions and actual measurements imply somehow inaccuracies in the underlying assumptions of the model, such as the thermal properties of materials and uncertainty in specifying the radiation shadowing factor with respect to the bottom surface of slabs. During simulation of the trial period, the cumulative thermal energy entering and leaving the furnace were also calculated as shown in Table 1 , and these were compared with the energy balance derived from the conventional combustion (air-fuel) trial [11] . Compared to the air-fuel case, the oxy-fuel case has a significantly smaller exhaust energy loss (Qe). This result is mainly attributed to the absence of nitrogen in the combustion and thus the amount of exhaust gas is greatly reduced; secondly, due to the higher concentration of CO2 and H2O radiating gases, the oxy-fuel furnace atmosphere enhances radiative heat transfer to the load and therefore resulted in a lower furnace exit temperature. As a result, furnace efficiency is greatly improved by about 20% under oxy-fuel combustion conditions. The specific energy consumption has therefore dropped from 1.13 GJ tonne -1 to 0.94 GJ tonne -1 . 
Results and analysis
Conclusions
In this paper, a mathematical model of the heating furnace under oxy-fuel combustion conditions is first developed, and its thermal performance is analysed. Compared to conventional air-fuel combustion conditions, it has a significant advantage in low exhaust energy loss and high furnace efficiency. The specific energy consumption is reduced by about 16%. Although the results indicate that conventional reheating furnaces are theoretically suitable for oxyfuel retrofitting, the optimum heating profile must be studied to further reduce the energy consumption.
